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Introduction
Cancer is one of the leading causes of death worldwide with 1, 658,370 new cancer cases and 589,430 cancer deaths expected in the United States alone in 2015 [1] . Over the years, laudable progresses have been made in understanding of cancer initiation, progression, and metastasis; but till date, we are far behind in prolonging the median survival of the cancer patients. The quest for newer strategies to target tumors led to the emergence of miRNAs as next generation potential cancer therapeutics. Discovered in 1993 by Ambros and colleagues, these small, evolutionarily conserved endogenous non-coding RNAs (21-23 nucleotides) regulate gene expression typically by binding to the 3′-untranslated region (UTR) of mRNAs and causing inhibition of translation and/or mRNA degradation [2, 3] . The miRNAs by impacting over 30 % of all protein-coding genes play important role in numerous cellular processes including embryonic development, cell differentiation, metabolism, proliferation, apoptosis, and stress response in diverse invertebrate and vertebrate organisms including humans [4] . Additionally, aberrant expression of miRNAs has been associated with numerous pathological conditions including cardiovascular diseases, neurological disorders, diabetes, and viral infections [5] . Altered expression of miRNAs has been critically implicated in the pathogenesis of cancers [4] . Moreover, the expression patterns of miRNAs are unique to each tumor type and to their tissue of origin [6] . It is now well established that miRNAs impact the development of cancer by altering the expression of both oncogenes and tumor suppressor genes [6] . Interestingly, recent studies have unraveled unprecedented role of miRNAs in the regulation of various mucins.
Mucins are high molecular weight multifunctional glycoproteins designed as external environment sensors to act for cellular protection. Based on their structure, mucins are classified into transmembrane/membrane-bound (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC16, and MUC17) having integral transmembrane domain and secreted/gelforming mucins (MUC2, MUC5AC, MUC5B, MUC6, and MUC19) [7] . The bulky extracellular part of membrane tethered mucins is comprised of several unique domains that modulate various biological properties by selective interactions with various ligands, cell-surface proteins, and the components of extracellular matrix [8] . Their relatively short cytoplasmic tails associate with cytoskeletal elements, cytosolic adaptor proteins, and/or participate in signal transduction [9] . Secreted mucins, on the other hand, lack hydrophobic transmembrane domain and form a mucus layer on the apical surfaces of healthy epithelial cells to protect them from external environmental stresses [10••] .
Various epithelial malignancies (breast, lung, pancreatic, ovarian, and bladder) are characterized by deregulated expression of mucins expression and glycosylation. Altered mucins by virtue of physical interactions or by regulating cellular signaling cascades promote malignant transformation, cancer cell growth, cell invasiveness, metastasis, drug resistance, and decreased immune surveillance [11] . The cancer cell specific overexpression, multiplicity of epitopes, and posttranslational modifications of mucins make them worthy candidates for targeted therapeutics [12] . Currently, mucin-based therapies in clinical and preclinical studies rely on: (i) mucin silencing by RNA interference, (ii) mucin promoter driven suicide gene therapy, (iii) antibody-targeted therapies, (iv) recombinant peptide vaccines to stimulate the cell mediated immunity dependent tumor cell killing, (v) small-size inhibitory peptides that block mucin cytoplasmic tail interaction with other signaling molecules, (vi) and mucin mimetic to inhibit cytoplasmic tail oligomerization, thus preventing its translocation to the mitochondria or nucleus [10••] . Despite mucins being the potent targets for therapy, lack of mucinspecific small molecule inhibitors, possible diluted efficacy of the targeting agent (mucin-specific antibodies, peptides, or aptamers) due to large pools of circulating N-terminal ectodomains and tumor heterogeneity with regard to mucin expression, demands discovery of newer means to specifically target cancer specific mucins. Considering emerging implications of miRNA in therapies, in the present article, we tend to highlight miRNA-mediated regulations of mucins and their potential utility as a therapeutic modality.
In this review, we briefly describe emerging roles of miRNAs in cancers biology, their biogenesis, recent advances in miRNA-based therapeutic approaches and miRNAmediated mucin regulation (MUC1, MUC4, MUC16, MUC17, MUC2, and MUC5AC) ( Table 1 ) in different malignancies. Overall, we aim to understand the potential application of miRNA centered therapeutics to modulate mucin expression.
MiRNAs in Cancer
Over the last two decades, many miRNAs have been implicated in various human malignancies. Observations from genome wide studies revealed a differential miRNA profile in malignant cells in comparison to normal cells. More and more miRNAs are being located at genomic regions involved in cancers, chromosomal break points, as well as in the minimal areas of the loss of heterozygosity/amplifications [31] . The initial findings that two microRNAs, miR-15 and 16, were downregulated or deleted in most patients with chronic lymphocytic leukemia-launched miRNAs to the center stage of molecular oncology [32] . From a study done in 334 patient samples of various cancer types, it was observed that developmental lineage and differentiation state of the tumors can be distinguished using miRNA expression profile of these samples [33] . Later on, several groups reported an altered expression of miRNA in various cancers. Based on their functional attributes in cancer, the miRNA have been categorized into tumor suppressor miRNAs (TsmiRs), oncogenic miRNA (OncomiRs), MetastamiRs, and AngiomiRs. TsmiRs are downregulated in cancers due to different genetic mechanisms as epigenetic modification, somatic mutation, biallelic deletion, loss of heterozygosity, and altered processing and are known to promote tumor formation. Numerous TsmiRs have been observed to inhibit tumor growth on ectopic expression; examples include miR-26, miR-29, miR-150, miR-200, miR-145, miR-1226, miR-100, miR-92, and the let7 family members [34] . OncomiRs: OncomiRs represent a class of miRNAs whose constitutive overexpression results in accelerated tumor formation and progression. The first identified oncomiR was polycistronic miR-17-92 cluster that is located in the chromosomal locus 13q31-q32 known to be frequently amplified in solid and hematopoietic tumors [35] . The evidences for overexpression of miR-17-92 have also been documented in several solid malignancies of the breast, lung, colon, stomach, pancreas, and prostate [36] . Overexpression of another oncomiR miR-21 is associated with advanced clinical stage, tumor growth, lymphnode metastasis, and poor prognosis in breast cancer samples [37] . MetastamiRs: The miRNAs involved in the acquisition of invasive abilities by controlling loss of cellular adhesion regulate genes associated with epithelial to mesenchymal transition (EMT), entry into and exit from the vascular system, survival in the vascular system and at distant sites are termed as metastamiRs. Epigenetic silencing of miR-200 results in ZEB-1 and ZEB-2 upregulation mediated repression of E-cadherin [34] . In addition to this, miR-9 is known to directly inhibit E-cadherin, miR-155 and miR-31 regulate RhoA and miR-181, which inhibits the tumor suppressor metalloprotease inhibitor 3 (TIMP3) [34] . AngiomiRs: Tumor cells promote proliferation and migration of endothelial cells resulting in increased angiogenesis. In different cancers, miR-15a/16-1 cluster, miR-145, and miR-143 are known to inhibit angiogenesis [2, 38] . miRNA and cancer stem cells: Accumulating evidences from recent • TsmiR: downregulated in breast cancer [16] • Reduces MUC1 levels resulting in decreased growth and increased apoptosis
• Suppresses translation of MUC1 in prostate cancer cells [17] miR-455-3p
• Decreased expression associated with increased MUC1 expression in differentiated bronchial epithelial cells [18] MUC2 miR-9
• OncomiR: repressing expression of CDX2 and its downstream target MUC2 resulting in increased cell proliferation in gastric cancer cells [19] MUC4 Let-7i and Let-7b
• The ectopic expression of let-7i and let-7b lead to downregulation of MUC4 expression in gemcitabine resistant urothelial carcinoma cells [20] miR-150 mRNA and protein levels miR-219-1-3p
• TsmiR: downregulated in pancreatic cancer [25] • Suppress MUC4 and its downstream signaling to inhibit pancreatic cancer cell proliferation and migration
MUC5AC miR-146a
• Decreases neutrophil elastase stimulated MUC5AC overproduction in lung epithelial cells [26] miR-378
• OncomiR: its increased expression increases MUC5AC, VEGF, and IL-8 expression leading to increased proliferation, migration of lung cancer cells [27] MUC16 miR-92
• TsmiR: decrease in its expression restores MUC16 levels in breast cancer cells [28] miR-100
• Low levels in epithelial ovarian cancer tissues correlated with higher serum CA125 (MUC16) expression level [29] miR-145
• Inverse relationship to MUC16 (CA125) levels observed in serum samples from ovarian cancer patients [14] miR-200c
• Decreased expression in pancreatic cancer cells resulted in reduced expression of MUC16 mRNA and protein by directly targeting its mRNA coding sequence
• Significant correlation with MUC17 expression in colon and pancreatic cancer cell lines. Putative role needs further validation [30] studies have shown involvement of miRNAs as let-7, miR-30, miR-296, miR-134, miR-470, and miR-34 family in regulation of genes associated with pluripotency and stem cell function as OCT4, NANOG, SOX2, NOTCH, and BCL2 as reviewed in [2] .
MiRNA Biogenesis and Mechanisms of Action
The multistep biosynthesis of miRNAs involves both the nuclear and cytoplasmic components [39] . The primary miRNA precursor, pri-miRNA (several kilobases long), is first transcribed by RNA polymerase II as double-stranded stemloop structure (5′ 7-methyl guanylate (m7G) capped and 3′-polyadenylated) [40] . These pri-miRNAs are then processed in the nucleus by Drosha/DGCR8 (a ribonuclease III (RNase III) endonuclease) into 65-70 bp stem-loop precursor miRNA (pre-miRNA) [41] . The pre-miRNA is then transported from the nucleus to the cytoplasm by Exportin-5-RanGTPdependent mechanism and is further processed by RNase III endonuclease, Dicer/TRBP into a mature 17-25 bp RNA duplex [42] . The miRNA duplexes enter the miRNAinduced silencing complex (miRISC) where the helicase activity of Argonaute (Ago) protein causes the RNA duplex to unwind [43] . The mature, single-stranded miRNA (one of the strand) is retained into the RNA-induced silencing complex (RISC) and directs the complex to target 3′ and/or 5′-UTR of mRNA [44] . Partial complementarity between the seed region of miRNA and the 3′-UTR region of the target gene leads to deadenylation and destabilization of mRNA, whereas perfect complementarity results in target mRNA degradation [45] . This promiscuity of complementarity is a unique feature of miRNA that allows one miRNA strand to recognize an array of mRNA. Through a combination of different mechanisms, miRNAs have a significant effect on protein synthesis in cells. MiRNAs repress initiation of translation directly, or sequester mRNA in regions of the cell where low protein production takes place (e.g., P-bodies), may cause ribosome stalling, drop off ribosome from mRNA leading to protein truncation or recruit proteases that degrade protein as translation is underway [34] .
Regulation of Mucin by miRNAs
Normal tissue homeostasis requires tight regulation of mucin expression. However, several environmental and/or intrinsic insults compromise this regulation leading to aberrant expression of mucins in diverse inflammatory and pathological disorders including cancer. Deregulated expression of transmembrane mucins (MUC1, MUC4, MUC16, and MUC17) and of secretory mucins (MUC2 and MUC5AC) is a prominent characteristic that has been well studied in various types of cancers and inflammatory diseases. They impact various aspects of tumor including growth, metastasis, and oncogenic signaling, thus acting as prominent candidates for therapeutic targeting. In recent times, miRNAs have emerged as important regulator for altered mucin expression during malignant development. MiRNA-mediated modulation of key mucins (MUC1, MUC4, MUC16, MUC17, MUC2, and MUC5AC) involved in oncogenic development and progression of cancer along with emerging technologies used for their targeting is described below.
MUC1
Normal ductal epithelial cells of breast, lung, gastrointestinal tract, and pancreas basally express transmembrane glycoprotein MUC1. However, aberrantly glycosylated MUC1 is overexpressed in a variety of epithelial malignancies (ovarian, breast, lung, and pancreatic) and is a poor prognostic factor. Overexpressed MUC1 plays multifaceted roles by impacting inflammatory milieu of tumor, cancer cell proliferation, resistance to apoptosis, invasion, angiogenesis, and chemoresistance [46] , thereby making it an attractive target for therapies. MUC1-altered expression in different malignancies have uncovered its regulation by multiple miRNAs (miR-145, miR-1226, miR-125b, miR-551b, and miR-149 (Table 1) . The miR-145 is downregulated in breast cancer [47] and colon cancer [48] and is hypothesized to be a putative tumor suppressor. Recently, Sachdeva et al. highlighted that miR-145 downregulates invasion and metastasis of metastatic breast cancer cells by directly targeting 3′-UTR of MUC1 to suppress its expression resulting in reduced expression of β-catenin and cadherin-11 [13] . Further, Wu et al. demonstrated that miR-145 is downregulated in ovarian cancer tissues, cell lines, and serum samples in comparison to normal controls. They showed that miR-145 functions as a tumor suppressor in ovarian cancer by modulating in vitro and in vivo ovarian cancer growth and invasion by negatively regulating p70S6K1 and MUC1 protein levels by directly targeting their 3′-UTRs [14] .
The miR-1226 downregulates the expression of MUC1 oncoprotein in breast cancer cells, induces cells for apoptosis by increasing ROS production, and loss of mitochondrial transmembrane potential [15] . Further, different findings collectively indicate that miR-125b is aberrantly regulated in human cancers where it contributes to oncogenesis (pancreatic cancer [49] and acute myeloid leukemia [50] ) or functions as a tumor suppressor (breast cancer [51] ) in a cell context manner. Notably, Rajabi et al. reported that miR-125b is downregulated in breast cancer cells (BT-549 and ZR-75-1) and functions as a tumor suppressor by reducing the expression of transmembrane oncoprotein MUC1 leading to reduced cell growth and induction of apoptosis [16] . Besides, the same group demonstrated that miR-125b suppresses translation of oncoprotein MUC1 (overexpressed in aggressive human prostate cancers) in both androgen dependent (LNCaP) and independent (DU145) prostate cancer cells [17] . MUC1 plays a very important role in protecting normal lung epithelial cells from pathogens. Interestingly, Martinez-Anton et al. reported that decreased expression of miR-455-3p in differentiated pseudostratified epithelium of human bronchial epithelial cells results in 136-fold increase in expression of epithelial cell marker MUC1 by targeting 3′-UTR in comparison to undifferentiated monolayer signifying its importance for differentiation [18] .
In another study, Xu et al. revealed that increased miR-551b expression in lung cancer cells with acquired chemoresistance inhibited the expression of catalase and increased ROS accumulation and MUC1 expression. Further, MUC1 mediates chemoresistance via activation of cell survival (EGFR/Akt/c-FLIP/COX2) cascade. [52] .
Taken together, these studies highlight that by increasing the expression of tumor suppressor miRNAs or by decreasing the expression of oncogenic miRNAs using different miRNAbased approaches, MUC1 expression can be modulated to decrease tumor burden. At present, it is difficult to predict among various miRNA, the most effective miRNA in any given malignancy, but by targeting multiple miRNAs at a time as in case of breast cancer (miR-145, miR-125b, miR-1226), MUC1-mediated oncogenic effects can easily be impacted.
MUC4
MUC4 is a large transmembrane mucin that is often overexpressed in diverse epithelial tumors (breast, ovarian, and pancreatic) [53] . MUC4 acts as a ligand for receptor tyrosine kinase-Her2, thereby mediating activation of downstream mitogen-activated protein kinase (MAPK), phosphoinositide-3-kinase (PI3K)/Akt and c-Src/FAK family kinase pathways to regulate cell proliferation and metastasis [53] . MUC4 mediated phosphorylation of BAD results in sequestration of 14-3-3ζ in the cytoplasm leading to its anti-apoptotic effects and gemcitabine resistance [54] . MUC4 with its oncogenic impact on cell proliferation, invasion, and drug resistance is a potential therapeutic target.
Relevant studies associated with regulation of MUC4 mucin in different cancers have previously been reported, but recent evidences about MUC4 regulation by miRNAs holds immense therapeutic potential. In this regard, Wang et al. highlighted the metastasis inhibiting role of miR-150-5p by its direct targeting of transmembrane mucin MUC4. Low expression of miR-150-5p has been associated with a worse response to adjuvant chemotherapy and shorter survival in colorectal cancer (CRC) patients [55] . The tumor suppressive utility of miR-150-5p mimic as a novel agent for treatment of colorectal cancer was displayed by its potential to ameliorate CRC cell migration and invasion mediated by suppression of transmembrane mucin MUC4 expression at both mRNA and protein levels through its direct binding to MUC4 3′-UTR [23] . Further, findings from Srivastava et al. established miR-150 as a novel regulator of MUC4 and a tumor suppressor miRNA in pancreatic cancer (PC). Their study revealed that downregulation of miR-150 in PC tissues has an inverse relationship to MUC4 endogenous protein expression. They demonstrated that overexpression of miR-150 may have therapeutic effects in PC as it results in decreased expression of MUC4, downregulation of MUC4-associated signaling, and concomitant inhibition of PC cell growth, clonogenicity, migration, invasion, and enhanced intercellular adhesion [21] . Interestingly, Lahdaoui et al. observed that miR-219-1-3p is downregulated in pancreatic cancer-derived cell lines, PC precursor lesion in KrasG12D-driven PC mouse model, and PC tissues. MiR-219-1-3p mediated suppression of MUC4 and its downstream signaling, inhibit pancreatic cancer cell proliferation in vitro and in vivo and migration in vitro [25] Additionally, Kozim et al. drew attention to the potential therapeutic strategy for improving the efficacy of gemcitabine in urothelial carcinoma of the bladder (UCB) by emphasizing a role for miRNAs-1290 and 138 (increased expression), miRlet-7i, and let-7b (decreased expression) in gemcitabine resistant cells through the modulation of oncogenic mucin MUC4. The ectopic expression of let-7i and let-7b lead to downregulation of MUC4 expression in gemcitabine resistant cells [20] .
MUC16
MUC16 is a transmembrane mucin overexpressed in ovarian, uterine, pancreatic, breast, and biliary cancers. It is associated with tumor progression, metastasis, and poor prognosis [56] . Mechanistically, CA125/MUC16 interact with E-cadherin/-β-catenin complex to modulate epidermal growth factor receptor (EGFR) activation, cellular localization and its downstream targets Akt and ERK1/2 signaling and in-turn promotes cell dissemination and cell motility [57] . Additionally, cytoplasmic domain of MUC16 through its interaction with ezrin/ radixin/moesin proteins causes cytoskeleton reorganization [56] . Our group has recently reported that MUC16 activates STAT3 and c-Jun signaling pathway to promote cell proliferation of breast cancer cells by physically interacting with ERM domain containing Jak2 protein [58] . Though structure and function of MUC16 have been studied to some extent but regulation of its expression is still unexplored. Knowledge gained by understanding its regulation can be utilized for therapeutic targeting in different malignancies.
Radhakrishnan [28] . Recently, Peng et al., observed significantly low levels of miR-100 in epithelial ovarian cancer tissues (EOC) compared to adjacent normal tissues. Further, its level closely correlated with higher serum CA125 (MUC16) expression level, lymph node involvement, and shorter overall survival of EOC patients [29] . Similarly, the converse relationship between miR-145 and MUC16 (CA125) levels was observed in serum samples from ovarian cancer patients [14] . This necessitates a further investigation about MUC16 regulation by miR-145, as the information gained can be utilized for miR-145-mediated dual targeting of overexpressed membrane-bound mucins MUC1 and MUC16 in ovarian cancer.
MUC17
Membrane-bound mucin MUC17 (normally expressed in digestive tract including duodenum, ileum, and transverse colon) is lost during inflammatory conditions of colon like colitis and Crohn's disease, underscoring its potential protective role in maintaining colon homeostasis [59] . Besides, it is aberrantly expressed in PC compared to no expression in normal pancreas, pancreatitis and identified as an independent prognostic factor associated with lymphnode metastasis of PCs [60, 61] . As functional role of MUC17 in cancer pathology is still obscure therefore, understanding the mechanisms underlying its aberrant expression can help to devise new diagnostic and therapeutic modalities. In one such revelation using miRNA microarray analysis in 11 cancer cell lines, Kitamoto et al. reported five candidate microRNAs (miR-17, miR-20a, miR-20b, miR-30c, and miR-30e) have significant relationship to potential post transcriptional regulation of MUC17 [30] . The therapeutic potential of these miRNAs for MUC17 modulation in different cellular contexts needs further in vitro and in vivo evaluation.
MUC2
MUC2 is a gel-forming secretory mucin that is normally expressed in organs including colon, small intestine, and respiratory tract. Deregulated expression of MUC2 has been associated with CRC development and development of some type of lung cancer [62, 63] . Most notably, the tumor suppressor role of Muc2 were observed in MUC2 knockout (Muc2 −/− ) mice that frequently developed adenomas in the small intestine and progress to invasive adenocarcinoma and rectal tumors [64] . Additionally, MUC2 expression decrease progressively with increasing stages of gastric cancer [65] . Interestingly, Rotkrua et al. in their studies revealed that miR-9 might be responsible for gastric carcinogenesis by repression of CDX2 (caudal-related homeobox protein) and its downstream target like secretory mucin MUC2 resulting in promotion of cell proliferation in gastric cancer cells (MKN45 and NUGC-3) [19] . Thus, gastric carcinogenesis can be slowed down by indirect targeting of mucin MUC2 through identification of CDX2-preserving anti-miR-9 as a therapeutic agent.
MUC5AC
MUC5AC is a secretory mucin that is typically expressed by gastric mucosa and airway pathways. Hypersecretion of secretory mucin MUC5AC is an important manifestation observed in patients with chronic inflammatory airway diseases [66] . Deregulated expression of MUC5AC has been reported in many cancers including PC, colorectal cancer, lung adenocarcinoma, and cholangiocarcinoma [53] . Its overexpression has been associated with early post-operative metastasis in non-small cell lung cancer patients [67] and worse prognosis for lung adenocarcinoma, cholangiocarcinoma [68] , and PC patients [69] . Mechanistically, MUC5AC has been shown to affect E-cadherin-mediated invasion and metastasis in PC and CRC cells [53] . A plethora of studies has been done to understand the mechanisms behind regulation of MUC5AC in different pathologies. However, limited observations are available regarding miRNA-mediated regulation of MUC5AC. Zhong et al. explored the therapeutic potentials of manipulating miR-146a for the management of mucus overproduction during inflammatory airway diseases. MiR146a downregulated MUC5AC production from airway epithelial cells that were stimulated by neutrophil elastase through JNK and NF-κB signaling [26] . Moreover, Interleukin-13 (IL-13) plays a critical role in airway inflammation-associated MUC5AC overproduction while the mechanisms underlying this process are not entirely elucidated [70] . Kumar et al. observed that intranasal delivery of Let-7 mimic (oligonucleotides designed by chemically modifying 3′ terminal in both strands with 2′-O-methoxy substitution) in a mouse model of allergic airway inflammation alleviates asthma features like reduction in IL-13 levels, airway hyperresponsiveness, and airway inflammation. Interestingly, Let-7 mimic also reduced goblet cell metaplasia (airway mucin content) determined by periodic acid Schiff staining [71] . Interestingly, Skrzypek et al. displayed that overexpression of hemeoxygenase-1 (HMOX1) not only decreased the expression of miR-378 (Oncomir/Angiomir) but also reversed miR-378 mediated increased expression of MUC5AC, vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), and Ang-1. This resulted in decreased proliferation, migration, and angiogenic potential of NCI-H292 lung cancer cells both in vitro and in vivo. Thus, this study highlights a prospective therapeutic strategy to inhibit miR-378-mediated impact on lung cancer cell growth and metastasis [27] .
MiRNA and Cancer Therapy
Therapeutic modulation of miRNAs is broadly executed at two different levels: by reducing/increasing their levels to affect their downstream targets and/or to interfere with the miRNA/ mRNA interaction to obtain higher degrees of specificity [45] . The two most prominent challenges associated with the manipulation of miRNA function are (a) identification of molecules to inhibit or "mimic" mature miRNAs and (b) efficient delivery of these molecules to specific targeted sites. Inhibition of miRNAs overexpressed in cancer can be achieved by base pairing them with complementary oligonucleotide sequences termed as antisense oligonucleotides (ASOs) [5] . Using this approach, multiple steps in the biogenesis of miRNA can be targeted including targeting the loop structure of the pre-miRNA [72] or inhibition of processing of pri-miRNAs and pre-miRNAs by Drosha and Dicer, respectively by morpholino ASOs [73] . They also act as target protectors by binding and protecting the target sequence on the mRNA by denying access to miRNA. More recent approach is to target mature miRNAs directly using anti-miRNA oligonucleotides (AMOs). These AMOs act by near irreversibly binding to mature miRNA and prevent them to recognize its cognate mRNA sequence. Further, chemical modification of 2′-hydroxyl of the ribose in these AMOs to 2′-O-methyl along with modification of the phosphodiester backbone to phosphorothioate not only enhanced binding affinity to miRNA but also protected from nuclease degradation [74] . The activity of AMOs against target miRNA can be further enhanced by addition of methoxyethyl (2′-MOE) or fluorine (2′-F) groups when compared to simpler 2′-O-methyl modification. Moreover, the strongest affinity to miRNAs can be obtained with Locked nucleic acids (LNAs) modified AMOs whose ribose moiety has an extra bridge connecting the 2′-oxygen and 4′-carbon resulting in a locked conformation yielding more thermodynamic stability and target specificity to ribonucleotides both in vitro and vivo [74] . Peptide nucleic acids (PNAs) having synthetic polymers similar to RNA and DNA are becoming excellent candidates for antisense therapies.
In addition to normal AMOs that have only one binding site for target miRNA, another class of miRNA inhibitors developed is miRNA sponges. These competitive inhibitors consist of a strong promoter driven expression of an artificial transcript that provide target sites to attract multiple miRNA family members. It thus inhibits the activity of miRNAs by letting endogenous targets escape the inhibition [75] . Further, re-expression of miRNAs downregulated in cancer involves strategies harnessing miRNA mimics and viral expression constructs encoded miRNAs. The miRNA mimic is doublestranded RNA molecules that can be chemically modified (addition of methyl, methoxyethyl, fluorine, 3′-benzene-pyridine) to protect them from nucleases, decrease innate immune system activation and off target effects [74] . Alternatively, expression of pri-miRNA mimic using viral expression construct provides a more stable miRNA replacement.
Nevertheless, widespread in vivo application of miRNA inhibitors and mimics is hindered by their lack of tissue specificity. Negative charge of these ASOs, AMOs, and mimics interfere in their crossing the cell membrane readily. Therefore, to improve the delivery of this potential therapeutics in cellular and animal models several technical approaches have been developed. Different viral vectors (adenovirus, retrovirus, lentiviruses) due to their high transduction efficiency have been extensively used for delivering miRNAs to cancer cells. In addition to this, the cellular intake of ASOs, AMOs/miRNA mimics, and their protection from the hostile microenvironment can also be improved by encasing them in cationic liposomal nanoparticles [76] , combining with neutral lipid emulsions (NLE) [77] and by using stable nucleic acid lipid particles (SNALPs) [78] . Moreover, delivery to tumor cells can also be accomplished by using polymer (Polyurethanes, poly (lacticco-glycolic acid) PLGA and polyamidoamine (PAMAM) dendrimers)-based nanoparticles. Delivery of miRNAs in such lipid-based vehicles may have less toxicity and immune response. Using this technique, Arora et al. investigated whether restoration of miR-150 could serve as a useful strategy for PC therapy. For this, they utilized polyethyleneimine (a cationic polymer) and mixed it with poly (D, L-lactide-co-glycolide) (PLGA) to develop a nanoformulation of miR-150 (miR-150-NF) and evaluated its therapeutic efficacy in vitro. The efficient intracellular delivery of miR-150 mimics by miR-150-NF resulted in a significant downregulation of MUC4 expression concomitant with inhibition of HER2 and downstream signaling implicating in suppressed growth, clonogenicity, motility, and invasion of PC cells. Together, these results highlighted a safe and effective nanovector platform for miR-150 delivery to pancreatic tumor cells [22••] .
Besides, targeted delivery to specific tissues can be done by linking tumor specific ligands to nanoparticles that are directed to tumor cells via active (conjugating with compounds that have a specific affinity to tumors) or passive (using size of nanoparticles and tumor vasculature) targeting. Dai et al. utilized MUC1 as a tumor specific ligand to target ovarian cancer cells and devised a miRNA-based chimera composed of MUC1 aptamer and miR-29 (Chi-29b) to inhibit DNA methyltransferases expression [79] . They successfully demonstrated that Chi-29b chimera exhibits its antitumor and antichemoresistant roles through downregulation of MAPK4 and IGF1 expressions and activation of PTEN signaling in OVCAR-3 tumors [80] . Further, chimera of MUC1 aptamer and let-7i miRNA was specifically delivered to OVCAR-3 cells. It resulted in reversal of the paclitaxel resistance and induced cell apoptosis, inhibit cell proliferation by reducing expression of Cyclin D1, Cyclin D2, Dicer 1, and PGRMC1 [81] .
Conclusion(s) and Perspectives
Mucins are important biomolecules for cellular homoeostasis and protection of epithelial surfaces. Their aberrant expressions in various malignancies make them attractive target(s) for the development of antibodies, vaccines, radioimmunoconjugates, and therapeutic inhibitors. The anti-mucin therapeutic modalities hold immense possibility and promise, but their transition from bench to bedside necessitates identifying novel ways to target them. Though miRNA-mediated mucin regulation has just started to emerge, both miRNA mimics and anti-miRs give us hope to control differential mucin expression in various malignancies. Importantly, elucidation of the functional outcome concomitant with miRNA-mediated modulation of mucin expression will help in devising newer therapeutic approaches to counter heterogeneity of cancers in terms of mucin expression. In this regard, advancements have been made not only utilizing mucins as ligands for specific targeting of miRNAs but also employing nanovector based platforms for safe and effective delivery of miRNAs to target cancer specific mucin expression. MiRNA targeted therapy have been utilized to interfere with the mucin function. Future clinical trials should provide new insights into the safety and efficacy of the currently developed miRNA-based mucin modulating anticancer therapies. In the long term, more studies need to be focused on identifying miRNAs targeting multiple mucins in a tumor specific manner along with the development of safe and specific methods to deliver such miRNAs for improved cancer treatment and management.
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